INTRODUCTION
Embryogenesis of the sea urchin involves remarkable shifts in the synthesis of mRNA (1, 2) . The regulation of this synthesis appears to depend not only on a selective transcription of genes but also on a complicated processing of the gene transcripts. The production of mRNA may require splicing of noncontiguous hnRNA nucleotide sequences as well as retention and elimination of sequences (3) (4) (5) (6) (7) (8) (9) (10) . Certain characteristic features of hnRNA survive in this process and are demonstrable in the mRNA product. The 3' terminal poly (A) sequence is present among a certain fraction of hnRNA molecules (11, 12) and also among only a fraction of mRNAs (13, 14) . The 5' terminal cap, consisting of a m 7 G Joined to the penultimate nucleotide through a 5'-5' triphosphate bridge, is ubiquitous among eukaryotic mRNAs (15) (16) (17) . The cap structure has also been detected in hnRNA (18, 19) . Kin-etics as well as structural studies Indicate that the hnRNA caps are conserved and appear in cytoplasmic mENA (20, 21) . Whereas most if not all cellular mRNAs are capped (19, 22) , not all hnRNAs bear the blocked terminus (23, 24) ; at least 50* of hnRNA molecules are capped in mouse L cells (25) .
It thus appears that capped hnRNA molecules serve as precursors to mRNA, and hnRNA molecules without caps probably do not give rise to mRNAs (26) . The fate of nuclear transcripts may therefore be determined by their being capped or not capped.
In view of the involvement of the 5' terminal cap in mRNA synthesis, it is appropriate to examine not only the degree of capping of hnRNA but also whether or not the degree changes during embryonic development. Sea urchin embryo mRNA contains the cap 1 structure, m^GpppN m pNp (22, 27) , and lacks other cap structures with either more or fewer 2'-O-methylations, which are seen in other systems (28) (29) (30) (31) (32) . We note in the present study that sea urchin embryo hnRNA also contains only the cap 1 structure. The caps associated with both high and low molecular weight nuclear RNA have been characterized, so that any transient, small 5' terminal hnRNA fragments arising from transcripts of gene* with intervening sequences might be included.
METHODS AND MATERIALS
Embryos and incubations with labeled precursors. The source for the sea urchin species Lytechinus pictus and Strongylocentrotus purpuratus and the conditions for development and Incubation have been described previously (22) .
Embryos in 1:10 suspension at the early blastula (12-14 hr) or late gastrula stage (43-45 hr) were incubated with carrier-free NaH. rO^ (1 Ci/mmole, New England Nuclear Corp., Boston) at 10 yCi/ml embryos for 120 min, or else with 3H-methyl-methionine (80 Ci/mmole, New England Nuclear Corp.) at 50-100 uCi/ml for designated times, after a 15-min preincubation with 20 yM adenosine and guanosine and 20 mM sodium formate, in order to reduce de novo synthesis of purines from labeled methyl groups (33) .
Preparation of nuclear RNA. Nuclear RNA was isolated according to Dubroff and Nemer (12) . Incubations were terminated by washing embryos with ice-cold 1 M dextrose. Lysis was effected in 2 mM MgCl2 by three passages through a #23 gauge needle (33) , and the lysate was quickly brought to isotonicity with the addition of 2 M dextrose in 2 mM MgCl2-Cellular debris was removed by sedimentation, nuclei were pelleted at 4000 x g for 10 min
through an underlayer of 0.75 M sucrose containing 10 mM EDTA and 1Z Triton X-100 (Rohm and Hass Co., Philadelphia) and RNA was extracted from the nuclear pellet (12 (20, 37) . The column was washed with 5-10 ml of this same application buffer. The unbound oligonucleotides emerged predominantly in the first 5 ml. After extensive washing with the application buffer, the bound material was eluted with 1 M sorbitol (37) . In certain cases total hydrolyzed RNA was adsorbed directly onto DBAE-cellulose under the same conditions as above. When fractions from DBAE-cellulose were to be subsequently analyzed, they were passed through the small DEAE-Sephadex column (above) and washed with 10 mM EDTA to remove Mg++ before elution of the bound oligonucleotides. DEAE-Sephadex fractions freed of urea were treated with penicillium (PI) nuclease or bacterial alkaline phosphatase (BAP) as described by Abraham et al. (38) . Re-chromatography after enzyme treatment followed the same procedure as the original. Fraction Number Figure 1 . DEAE-Sephadex chromatography of a ribonuclease digest of methyl-labeled nuclear RNA. Embryos were incubated from the 12 to the 14 hr stage with methionine after a 15-min preincubation with adenosine, guanosine and sodium formate. Nuclei were prepared and RNA extracted. The nuclear RNA (> 15S) was digested with ribonuclease A and T2 and the digest applied to a DEAESephadex column. In a counterpart nuclear RNA preparation from ^H-uridine labeled embryos, the > 15S RNA fraction contained 88Z of the labeled RNA. Numbers indicate elution positions of the marker oligonucleotides, of indicated charge values, Ap (-2), ApAp (-3), ApApAp (-4), etc., from a partial digest of l^C-poly (A), according to Perry et al. (18) . Embryos of L. pictus were used in all experiments, except where otherwise stated.
with reference to non-ribosomal RNAs. We showed previously that purified sea urchin mRNA yields two types of methylated digestion product: the -2 charged 6-N-methylated nucleotide and the -5 charged 5' terminal cap structure (22) .
A substantial amount of the -5 oligonucleotide derived here from nuclear RNA may be attributable to a nonribosomal RNA source, presumably to the cap structure of hnRNA. This conclusion is drawn from an estimate of the amount of the -5 oligonucleotide that is N m pN m pN m pNp, as determined from the amount of NpNp present and the 66:1 ratio of these respective ribosomal RNA constituents (22a). Hence in the case of the nuclear RNA preparation In Figure 1 , approximately 15Z of the total applied radioactivity may be in 5' terminal cap 1 oligonucleotide.
A further examination of Figure 1 shows a lack of -6 charged oligonucleotide in high molecular weight (> 15S) nuclear RNA. Therefore only cap 1 (m7GpppNpNp) appears to be present in the hnRNA of the sea urchin embryo.
This observation is consistent with a similar demonstration of only one type of 5' terminal cap structure in the hnRNA of mammalian cells (18, 19) . However, in these same mammalian cells both cap 1 and cap 2 structures have been noted in cytoplasmic mRNA (16, 18, 37, 39) . In the sea urchin embryo only cap 1 is present in cytoplasmic mRNA, as in its counterpart hnRNA (22) .
It should however be noted that a -6 charged oligonucleotide with properties 
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The degree of capping of P-labeled hnRNA was estimated from a determination of the number of total hnRNA internal nucleotides per cap. We observe by DEAE-Sephadex chromatography the amount of incorporation in -5 32 oligonucleotides compared to the total P incorporation in RNA. The amount of incorporation in the cap per se is determined from the fraction of -5 oliRonucleotide bound to DBAE-cellulose. Furthermore this incorporation is corrected for the unequal specific activities of the phosphate in the cap core and the a phosphates present there and in the rest of the RNA molecule (20, 24, 25) . DEAE-Sephadex chromatography of RNase digests of high molecular weight (> 15S) nuclear RNA labeled with 32 P (Figure 3 ) revealed a series of constituents of the same charges as those from methyl-labeled RNA, but in a very much different quantitative distribution. The bulk of the radioactivity is in -2 charged mononucleotides, Np ( 
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Fraction Number Figure 3 . DEAE-Sephadex chromatography of ribonuclease digests of nuclear RNA from early blastula and late gaatrula labeled with 32 P. Embryos were incubated with 32p_ ort h O phosphate either at the 12-14 hr blastula stage (a) or the 43-45 hr gastrula stage (b). RNase digests of the nuclear RNA were chromatographed on DEAE-Sephadex. Mononucleotides of -2 charge appear to the left of the line indicating change of scale. The -5 charged oligonucleotidea (bracketed) were digested with PI nuclease and BAP and the digests were rerun on DEAE-Sephadex (insets). The peak designated PO^ has a charge of -1.5; the peak designated m^GpppN™ has a charge of -2.5. mononucleotide8 are partially resolved into four -2 charged peaks. Since there are 66 N™pNp groups in each molecule of pre-rRNA or 26S + 18S rRNA (22a) , the amount of incorporation in -2 mononucleotide Np, representing nuclear pre-rRNA, can be estimated from the incorporation in the -3 peak, and hence the net amount of incorporation in -2 mononucleotide Np, representing only hnRNA is readily obtained (row 5, Table 1 ). In order to estimate the extent of capping of hnRNA, an accurate measurement of the 32 amount of P in cap 1 structures is required. Analyses were then conducted in order to distinguish between the various oligonucleotides with a charge of approximately -5. Two alternative procedures were employed. In the first, the -5 oligonucleotides isolated from DEAE-Sephadex were treated with 
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14. 19. to N, N™ and PO, (Insets of Fig. 3 ). From the amount of m GppplT observed after this treatment (Table 1 , row 7) and the ratio of BPO./aPO, specific 32 activities (row 10, Table 1 , see below), the amount of P incorporation in the cap could be estimated (row 9a). A second approach was to pass the -5 oligonucleotldes through DBAE-cellulose, the bound fraction being the cap oligonucleotide (row 9b). In order to assess the degree of asymmetry in the specific activities of the g and a phosphates, the DBAE-purifled cap was treated with BAP, in order to release the 3' terminal phosphate ( Fraction Number Figure 4 . Asymmetric labeling of the cap structure attributed to unequal specific activities of the a and 6 phosphates labeled with 32p_ The -5 charged oligonucleotides from preparations such as those in Fig. 3 were passed through DBAE-cellulose and the bound fraction was treated with BAP. The treated material was then rerun on DEAE-Sephadex. we estimate that the average degree of capping after a 2 hr labeling period is 371 and 33Z for the blastula and gastrula, respectively.
Stage
We also attempted to determine the degree to which the other types of 5'
termini were represented in high molecular weight hnRNA. The polyphosphate ends could be readily identified among the -5 charged constituents not bound to DBAE-cellulose, however we could not identify unambiguously the -4 charged The amounts of theae labeled species could thus be compared with the amount in the cap ( Table 2 ). The relative molar distribution of all these constituents could be estimated by dividing by the number of phosphates, corrected for differences in the specific activities of the a and 6 phosphates. Some uncertainty is Introduced here by the lack of a measurement of the specific activity of the y phosphate in pppN. Schibler and Perry (25) 3. Detection of small nuclear RNA by the presence of cap 2.
We noted earlier ( Fraction Number Figure 5 . The nucleotide constituents of the -5 charged material not bound to DBAE-cellulose. The 32p_i a t,eled material corresponding to the DBAE-cellulose unbound fraction of Fig. 4 (b) , the 45-hr preparation, was split into two equal aliquots and rerun on DEAE-Sephadex after treatment with enzymes: (a) BAP, (b) PI nudease. 
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5. of "cap 2", namely a 5' blocked structure 2'-0-methylated ln the penultimate and eubpenultimate nucleotldes, such as m GpppNpl* pNp. However, ln the low molecular weight nuclear RNA fraction a -6 charged species Is present ( Figure  6 ). That the -6 charged ollgonucleotlde Is a cap 2 like structure can be demonstrated by virtue of Its binding to DBAE-cellulose. When total nuclear RNA labeled with Tl-methyl-methionine Is digested with rlbonuclease and passed through DBAE-cellulose, the bound fraction can be shown by DEAE-Sephadex chromatography to be almost exclusively -5 and -6 charged oligonucleotides (Figure 7 ). The -6 peak la large relative to the -5 peak in this case, because the time of incubation was 3 hours (reference to Fig. 8, below) . Cap 2 is absent from the high molecular weight RNA fraction only when denaturing solvent Is used in the sedimentation (Figure 6b) . If sedimentation Is in aqueous medium (Fig. 6a) , the major portion of the RNA containing cap 2 is associated with high molecular weight material. It is not possible to decide at this time whether this association Is due to a spurious, adventitious aggregation or to some significant, functional relationship. An association of the stable small nuclear RNA (containing cap 2) with high molecular weight material has also been noted previously (42, 43 Fraction Number The influence of denaturing solvent on the distribution of cap 1 associated RNA is also noteworthy. In the presence of denaturing solvent, cap 1 is seen to be present in both low and high molecular weight RNA, however, a considerable proportion of the low molecular weight cap 1 is associated with high molecular weight material when sedimentation is in aqueous medium. Again we cannot immediately distinguish between a meaningful and a spurious relationship. Hmethyl-methionine was digested with ribonuclease and passed through DBAE-cellulose. The bound fraction was then chromatogrammed on DEAESephadex, revealing both a -5 and -6 oligonucleotide.
trace amount of methyl-labeled methionine results in rapid uptake into the S-adenosylmethionine pool and a "chase" attributable to endogenous methlonine sources (40) . Under such conditions ( Figure 8 and Table 3 ), methyl label is taken up rapidly into total nuclear cap 1, reaches a maximal value and then declines, as would be expected of a rapidly turning over cellular constituent.
In contrast, the kinetics of incorporation into cap 2 has the characteristics of a relatively stable constituent. Its accumulation is rapid during the period of high precursor S-adenosylmethionine specific activity, then the rate of incorporation steadily declines and the amount of incorporation reaches a plateau during the chase period. These kinetics and the observation that cap 2 in this system is strictly associated with low molecular weight nuclear RNA are consistent with the characterization of small nuclear RNAs Embryos of S. purpuratus at the 42-hr gastrula stage were Incubated for the stated duration of time with ^H-methyl-methlonine after a 15-min preincubation with adenosine, guanosine and sodium formate. Total nuclear RNA was extracted, digested with ribonuclease and known amounts (A260nm units) chromatographed on DEAE-Sephadex. The sums of radioactivity in the separate -5 peak (cap 1) and -6 peak (cap 2) were divided by the *260 input, to obtain the cpm/A260 specific activity for each. These specific activities were converted to cpm/cell as in Table 3 . The nuclear content of RNA in £. purpuratus gastrula is 0.50 pg (Nemer, Ginzburg and Surrey, submitted for publication).
as bearing a cap 2-like 5' terminus (42, 44) and being relatively stable (45) .
The initial rate of accumulation of radioactivity in cap 1 is 1.5 x 10 cpm min nucleus compared to 0.2 x 10~ for cap 2; the relative rates for cap 2 to cap 1 thus being 0.135. There are 2 methyls in cap 1 and at least 3 and possibly 5 in cap 2 (42, 44) . Therefore the ratio of molar rates of synthesis of cap 2 to cap 1 is between 0.05 and 0.09. We have determined the rate of nuclear cap 1 synthesis in the gastrula of S_. purpuratus to be about 1000 molecules min nucleus" (Nemer, Ginzburg and Surrey, submitted for publica- a.
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Blastulae or gastrulae of L^. pictue were incubated with ^J-methyl-methionine for the indicated times after a prelncubation with adenosine, guanosine and sodium formate. Nuclei were prepared, RNA extracted and sedimented in denaturing solvent for separation into > 15S and < 15S constituents. The RNAs were digested with rlbonuclease A and T2 and known amounts were chromatogrammed on DEAE-Sephadex. The sums of each -5 oligonucleotide peak (cap 1) and -6 oligonucleotlde peak (cap 2) were divided by the input of digested RNA and this specific activity was multiplied by the amount of RNA/nucleus, 0.25 pg for the blastula and 0.21 pg for the gastrula (Surrey, Ginrburg and Nemer, submitted). A portion of each preparation was treated with cold TCA and the acid-soluble fraction was assayed for S-adenosylmethionine (SAM) (40) . tlon). Thus the rate of synthesis of small nuclear RNAs containing cap 2 Is 55 to 80 molecules min nucleus Similar kinetics of methyl Incorporation In nuclear UNA of blastula and gastrula stage embryos were studied with the cap 1 containing UNA separated Into high molecular weight (> 15S) and low molecular weight (< 15S) fractions (Table 3) . Again the ratio of the stable cap 2 to the labile cap 1 constituent increases during a period of decline In specific activity of S-adenosylmethionine. At both early and late embryonic stages the amount of labeled cap 1 in low molecular RNA remains constant relative to that in high molecular weight RNA, at values of 30 to 40Z of the total cap 1. Therefore, the turnover characteristics of the cap 1 associated with the high and low molecular weight nuclear RNAs are similar. This may serve as prima facia evidence that these two fractions of cap 1 and the associated nuclear RNAs comprise simply a size continuum of hnRNAs. It Is not excluded, however, that by other criteria these separate size classes have different functions.
DISCUSSION
We have noted that the cap 1 structures associated with low molecular weight (< 15S) nuclear RNA (a) have the same labeling kinetics as those associated with high molecular weight RNA (> 15S), while differing from the stable cap 2 structures, (b) constitute a fairly constant 30-AOZ of the total nuclear cap 1 content during development and (c) are extensively associated with high molecular weight material when sedlmented In nondenaturing solvent. These observations are consistent with the view that most If not all cap 1 structures are associated with haRNA molecules of a wide spectrum of sizes, but predominantly with high molecular weight RNA, either covalently or by some hydrogen bonding. It is thus possible that the 30-40Z of the capped sequences are in the low molecular weight fraction, because they are intermediates In the splicing of large transcripts. Since Intervening sequences split several known genes (3-10) and may be widely prevalent among genes (46), short 5' leader sequences may be either separated from, or held by hydrogen bonds in a temporary association with, the rest of the transcript, prior to splicing onto the structural gene transcript. The observed degree of 5' terminal capping of transcripts would then depend on whether or not the hnRNA preparation under scrutiny Included the temporarily detached 5' leader sequences. With these considerations in mind, as well as the observation that only 12Z of the mass of hnRNA is < 15S, this low molecular weight fraction could contribute an additional 10-151 capping of the total hnRNA. Adding this value to our value of 30-40Z capping of >15S hnRNA, the result would be that one-half of the hnRNA is capped. These values were obtained from data arising from 2 hour incubations with 32 P-orthophosphate. Schibler and Perry (25) observed 
